Traditional Chinese medicines (TCMs) are usually complex mixtures and contain hundreds of chemically different constituents, which make the quality control (QC) of crude drugs and their medical preparations extremely difficult. In the past years, with the rapid development of modern instrumental analysis and computer-aided data processing techniques, great progress has been made in the research of quality standards and the development of QC techniques. Among them, the use of the high-performance liquid chromatography (HPLC) technique is one of the best approaches because of its high separation efficiency. However, one-way separation, single detection methods or data processing cannot meet the needs of the QC of TCMs. Multidimensional information-based HPLC technologies such as two-dimensional HPLC, HPLC coupled with several different detection methods and HPLC fingerprint combined with multicomponent quantification have solved this problem with their comprehensive analysis; these methods have gradually been accepted by more researchers for further in-depth study. The present work provides an overview of the development of QC for TCMs based on HPLC technologies with modern hyphenated techniques, multiseparation methods and some common data processing methods in fingerprint spectra over the last six years.
Introduction
Traditional Chinese medicines (TCMs), including the materials (herbs) and their preparations, have been widely used for preventive and therapeutic purposes; particularly in China, they have been used for nearly three thousand years. The pharmacological efficacy of TCMs is attributable to their multiconstituent characteristics. Compared with synthetic drugs, TCM is generally a mixture of herbal plants or extracts that comprise hundreds of constituents with widely different physiochemical properties, and its efficacy is considered to result from the synergistic effects of some compounds present in this complex mixture. The qualities of TCMs are always influenced by environmental factors, origin, agriculture, collecting and harvesting, primary processing of raw material and special processing techniques for clinical uses. Therefore, the quality control (QC) of TCMs has become an important concern. However, the characteristics of TCMs include their holistic nature and systematic, multitarget and multichannel synergistic action due to their complex chemical constituents. This makes the analysis of TCMs a daunting task.
QC methods have undergone many developments since ancient times. Traditionally, the QC of TCMs is largely based on routine morphological and microscopic identification (1, 2), thin-layer chromatography (TLC) identification of one or two markers and/or quantification (3, 4) . Now, great progress has been made in the QC of TCMs, primarily stemming from modern separation and characterization techniques, from the identification of major components to the identification of almost all components, depending on fingerprint spectra (FP) (5) . Among various separation techniques, high-performance liquid chromatography (HPLC) is a popular method used in the QC of TCMs because it has high separation efficiency and is not limited by the volatility or stability of the sample compound. However, any kind of detector used in an HPLC system seems to be unable to detect all or even most of components because many chemical compounds in TCMs may exhibit no signal in chromatograms. Consequently, a marked increase in the use of HPLC coupled with two or more types of detectors in the recent decade has demonstrated that the combination of a variety of separation and detection methods is necessary to solve this problem. Fortunately, HPLC is easily associated with different types of detectors and can achieve multiseparation by various routes. In recent years, HPLC coupled with ultraviolet (UV) detection, diode array detector (DAD), mass spectrometry (MS), evaporative light-scattering (ELSD) and nuclear magnetic resonance (NMR) have widely been used for analyzing TCMs, and lots of information has been obtained from the chromatograms.
As an approach to identify and control the quality of TCMs, the FP technique has been regarded as one of the most rational and powerful methods because it emphasizes the integral characterization of a complex system with a quantitative degree of reliability. Recently, chromatographic fingerprint, especially HPLC-FP, has widely been accepted and is attracting everincreasing attention owing to its high separation efficiency and detection sensitivity. It can produce an overall view of all components in TCMs and successfully demonstrates both the similarities and differences among various samples. At the same time, with the development of modern chemical analysis and computer techniques, there are more technologies that are used for the establishment of FPs of TCMs; more chemometric methods have been applied to the data processing of FPs, and more quality identification and assessment for TCMs have been achieved. Some reviews of the QC of TCMs have been produced in recent years, but they summarize a single analytical technique (6, 7) or focus on a general description of all methods (8 -10) . The combined use of various methods would become a trend, especially for HPLC techniques. The present paper reviews the development and current status of recent methods by collecting multi-information-based HPLC technologies for the QC of TCMs, which has not been reported in the past six years. The common methods and their applications in this region are discussed, including some traditional methods such as standard microscopic, some comprehensive methods such as HPLC fingerprint, multicomponent quantifications, biological fingerprint and combination methods, in addition to the currently common data processing methods with HPLC systems.
Combination of Traditional Methods and HPLC Technologies
Combination of standard microscopic and HPLC technologies Microscopic identification includes the observations of transverse or longitudinal sections, powder, surface, dissociated tissue and polarized light microscopy. However, this method has its own disadvantages. It requires identifiers to have a wealth of practical experience, so human factors play an important role in the results.
For the safe and effective use of TCMs, proper identification of the source material is essential, which can be achieved by using standard microscopic and modern analytical techniques. To aid in the rapid and easy differentiation between four species of Stephania tetrandra S. Moore (Fang Ji), and to avoid possible contamination, one study made detailed macroscopic and microscopic observations using stereomicroscopy and lightmicroscopy and the powdered samples were further analyzed using HPLC (11). Avula et al. also provided a combination method of these two methodologies for the evaluation of various Angelica species. Eight coumarin constituents from the methanolic extract of the roots of Angelica gigas were separated in an HPLC system and the percentage compositions of eight coumarins present in various Angelica species were successfully studied. Additionally, this study provided a detailed microscopic account for the authentication of Angelica gigas and compared it with other Angelica species (12) . The simultaneous identification and quantification of anthraquinones, polydatin and resveratrol in Polygonum multiflorum, various Polygonum species and dietary supplements was developed by HPLC -UV in addition to a microscopic study of Polygonum species. This method is also an important tool to authenticate raw material and detect adulteration of Polygonum (13).
Combination of DNA methods and HPLC technologies DNA methods such as DNA-based molecular markers remain important in plant genome research, with applications in pharmacognostic identification and analysis. Chinese researchers have extensively applied DNA markers for the characterization of botanicals from Chinese material medicine. These markers have shown remarkable utility in the quality control of commercially important botanicals like Ginseng, Echinacea and Atractylodes. Although DNA analysis is currently considered to be cutting-edge technology, it has certain limitations; therefore, its use has been limited to academia.
The combined use of chemical and genetic diversity data in identifying TCMs will provide a useful guide for their efficient utilization, conservation and breeding, and for the management of good collection practices (14 -16). Maruyama et al. (17) conducted a study on the authentication of Eleutherococcus senticosus by DNA and chemical analysis. The nuclear ribosomal DNA internal transcribed spacer (ITS) sequence of the rhizome of Eleutherococcus senticosus was analyzed. It was found that at least three species were used as the source plant of the commercial Shigoka and that only 70% of all samples were made from the correct species. Furthermore, three marker compounds were quantified, including eleutheroside B, syringaresinol diglucoside and isofraxidin, by ultra-performance liquid chromatography-mass spectrometry (UPLC -MS). The results indicated that eleutheroside B and isofraxidin were specific to the correct source plant and that eleutheroside B was thought to be the best marker compound for quality assurance of this plant.
Multicomponent Quantization by a Variety of Methods Based on HPLC Technologies
UV, fluorescence (FL), ELSD, MS and NMR detection can be combined with some separation techniques, such as HPLC, gas chromatography (GC) and TLC for the qualitative and quantitative analysis of TCMs. The developments of QC for TCMs based on quantitative and qualitative analysis from 2006 to 2012 are reviewed.
Two-dimensional separation
A promising development in HPLC research is the introduction of comprehensive two-dimensional (2D) LC, which employs two separation dimensions (columns) and draws upon all of the available resolving power from each of the dimensions to separate the components in a sample, resulting in much better capacity, resolution and separation efficiency than one-dimensional (1D) HPLC (18 -20) . The quality of Qingkailing samples was evaluated by 2D-HPLC methods (21, 22) . To provide more information about complex TCM preparations, a 2D fingerprint was also established for various Qingkailing injections, which were produced by different manufacturers and procedures. Principal component analysis (PCA) of the 2D fingerprint data was performed in this study, which led to an accurate classification of various samples from different manufacturers and procedures. Ma et al. (23) combined size exclusion chromatography and reversed-phase LC to analyze a complex prescription of Qingkailing injection. In comparison with the traditional 1D chromatography, this 2D-LC has a high peak capacity and automation. More than 54 components were completely separated.
Wang et al. (24) used a comprehensive 2D chromatography system coupled with DAD and atmospheric pressure chemical ionization (APCI) MS for fingerprint analysis of Longdan Xiegan decoction. An immobilized liposome chromatography (ILC) column was used in the first dimension to probe the interaction of the components in the TCM extract with the coated liposome in the column, and an octadecyl silica (ODS) column was chosen in the second dimension for its relatively powerful separation and resolution capacity for the analysis of the fractions that eluted from the ILC column. As a result, eight flavonoids and two iridoids showing interactive activity with the ILC column were identified. Similarly, Wang et al. developed a comprehensive 2D chromatographic approach for the separation and identification of membrane permeable compounds in Schisandra chinensis (25) . The HPLC system was coupled with DAD and electrospray ionization (ESI) MS for fingerprint analysis. A block diagram of the components used in the 2D-HPLC system is shown in Figure 1 . In this study, an ILC column was used in the first dimension to probe the interaction of components in the TCM extract, and monolithic silica C18 was chosen as the second dimension to analyze the fractions that eluted from the ILC column. In this study, more than 40 components in Schisandra chinensis showing interactive activity with the ILC column were separated by the 2D-HPLC system; among them, 14 components were further identified by UV and ESI-MS.
In practice, some factors such as the elucidation of pressure and band shape distortion have been found to affect the development of 2D-LC. To solve these problems, some improvements have been made. For example, a new interface was developed to overcome the immiscibility of solvent and to reduce the injection volumes in the second column (26) .
Coupled detector techniques used in HPLC systems Different analytical techniques have been employed for the QC of TCMs. Among them, HPLC remains the primary choice due to its easy operation, wide ranging suitability and high accuracy and reproducibility; furthermore, it can be equipped with multiple detectors, which supply more possibilities for detecting different constituent types. Therefore, HPLC has been employed for the qualitative and quantitative analysis of complex constituents in herbal products. Commonly, chromatograms for TCMs have been obtained from a single detector such as UV, DAD, ELSD or MS. This approach is often insufficient for QC purposes because of the complex and diverse nature of TCMs.
The use of coupled detector techniques has been suggested for this purpose. An HPLC -DAD method was first used in the evaluation of TCMs because of its capacity for the detection of multiple wavelengths (27, 28) . For some constituents without absorption for UV and visible spectra, ELSD can detect them at optimal conditions to obtain higher sensitivity for each analyte. Therefore, the combination of DAD with ELSD is necessary for certain kinds of TCMs. However, the limited availability of multiple reference substances hinders the popularization of multicomponent analysis for DAD or ELSD detection. HPLC-MS, especially with high-resolution MS, has gained importance in recent decades for the chemical analysis of TCMs because it combines the efficient separation capabilities of HPLC and the great power for structural characterization of MS. It has been widely used for the unambiguous identification and quantification of target compounds in TCMs. However, HPLC-MS is insufficient to unequivocally identify some unknowns in TCMs because it is unable to distinguish between co-eluting geometrical or optical stereoisomers, and MS is blind to compounds that can undergo severe thermal degradation or cannot be effectively ionized in the ionization interface. Therefore, NMR is needed for unambiguous structural determination. Some drawbacks still exist in NMR: it is costly, there is a narrow range of deuterated solvents that can be used as HPLC eluents and the chromatographic peak volume is not compatible with that of the NMR flow cell.
As described previously, because analysis with a single detector cannot achieve the comprehensive evaluation of TCMs, multiple hyphenation of chromatography that combines two or three detectors is a current trend. Table I shows examples of the multihyphenation of HPLC that have been used from 2007 to 2012.
Combination of Chemical Fingerprint and Other Analytical Techniques Based on HPLC
Because the information provided by conventional 1D fingerprint is relatively limited and may be not enough to comprehensively reveal the quality characteristics of some extremely complex TCM products, chromatographic fingerprints combined with other analytical techniques have been proposed. In chemical fingerprints, the correct identification of the objective sample and the rapid finding of appropriate chemical markers for the quality control of Chinese medicines are greatly important.
HPLC FPs and biological fingerprint
As a comprehensive, quantifiable identification method based on chemical composition information, the fingerprints of TCM have been identified as an effective way to control the quality of natural products. Some constituents have exhibited signals in chromatographic FPs, whereas others cannot be detected by chromatographic methods. Therefore, it is necessary to establish an approach to compensate for the lack of FPs (44 -45) .
A combinational method of biological fingerprint (BF) and chemical fingerprint (CF) is recommended to solve this problem. Figure 2 shows a flowchart for the analysis of the quality evaluation of Yinzhihuang injection by a combination of HPLC and biothermokinetic fingerprint by Ren et al. (46) . In their work, 10 batches of normal samples and six batches of artificial abnormal samples were collected to establish CF and the effect of the samples on sensitive strains of Staphylococcus aureus was chosen to establish BF. The results, analyzed by hierarchical clustering, indicated that all abnormal samples could be correctly distinguished when CF and BF were combined. The key factors of quality fluctuation were bacterial contamination, high temperature, lighting and sterilizing conditions. This method could be used for the early prediction of adverse drug events, which can help to improve the safety of TCMs.
HPLC FPs and multicomponent quantification
Fingerprint, as an effective means of QC, especially HPLC FP (47), has been widely accepted and is attracting ever-increasing attention owing to both its high separation efficiency and high detection sensitivity. However, one drawback is that it can only show similar results, calculated based on the relative value by using a pre-selected marker compound as a reference standard, and minor differences between very similar chromatograms may not be distinguishable (48) . A combination of chromatographic fingerprint and multicomponent quantification would be much more powerful, because the qualitative and quantitative information about the products can be achieved at the same time. This has been proven to be a comprehensive method to evaluate the consistency, stability and reasonability of the manufacturing processes. By using this method, Shuanghuanglian (SHL) preparations were successfully analyzed, including oral liquid (49) and capsules (50) . In the chromatograph of SHL oral liquid, 45 peaks were selected as the common peaks to evaluate the similarities among several different SHL oral liquid preparations collected from manufacturers. Additionally, the simultaneous quantification of 11 markers was performed, including chlorogenic acid, caffeic acid, rutin, forsythiaside, scutellarin, baicalin, forsythin, luteoloside, apigenin, baicalein and wogonin. This method has also been successfully applied by many scholars to the QC of other TCMs (51 -53) .
HPLC FPs combined with recognition of known and unknown components
Although chromatographic fingerprint combined with multiple component quantification has been widely used for the QC of TCMs, this strategy can only show similar results, calculated based on the relative value by using a preselected marker compound as a reference and the content of limited markers with standard references. Some ingredients without standards in the common peak are usually neglected, which may be the basis of the pharmacological effects of different original TCMs. Chemical pattern recognition in TCMs is an important breakthrough for the infiltration between fuzzy and pharmaceutical sciences and has been used in the field of quality assessment and control of TCMs. HPLC-tandem mass spectrometry (MS-MS) has been widely accepted as the predominant tool for the analysis of multicomponent herbal medicines (54 -57) . This technology facilitates the identification of unknown components in herbal systems with remarkably high sensitivity and accuracy from the abundant MS and MS-MS information, especially for those with unavailable standards. For the QC and qualitative analysis of TCMs, the combination of the quantification of multiple ingredients (MIQ), fingerprint analysis (FA) and the identification of common peaks in the fingerprint by HPLC -DAD-MS-MS can not only be used to control the quality of TCMs effectively, but can also provide chemical evidence for revealing the material basis of their therapeutic effects. By using this method, Yinhuang preparations, including granules, capsules and lozenges have been analyzed (40) and the fingerprint chromatograph and identification methods are shown in Figures 3 and 4 . In this work, nine compounds were quantified and 18 compounds were identified or tentatively characterized by comparing their retention times and MS spectra with those of authentic compounds or literature data. Those compounds are all from common peaks of Yinhuang preparations from different manufacturers.
Methodology of data processing based on HPLC FPs of TCMs
Fuzzy clustering analysis Fuzzy clustering (FC) analysis is a method that belongs to unsupervised analytical pattern methods. It is a non-hierarchical cluster method, i.e., clusters are not formed either by merging small groupings into larger ones, or conversely, by subdividing large clusters. The FC model is used for TCMs in attempts to assign a degree of class membership for an object over a number of classes. Based on this, this method has been applied for analyzing complex systems (58, 59) . Wu et al. (60) determined the chromatographic fingerprints of Paeonia sufruticosa with clustering analysis to process data. To study the effects of the originated regions, growing conditions and processing methods, the contents of components from 13 different regions in China were compared. Thirteen common peaks existed in these FPs. The correlation coefficient (r) between these samples was calculated, and 1 -r represented the distances between samples. The samples were classified based on the distances. The results indicated that although the processing methods were different, their HPLC FPs were highly similar, whereas five samples were distinctly different from the samples obtained from Bozhou. These results demonstrated that the processing methods affected the qualities of Dan Pi to some extent. The regions of origination strongly impact their qualities.
Principal component analysis PCA is a well known and unsupervised pattern recognition method of data analysis. It is a multivariate technique that analyzes data in which observations are described by several intercorrelated quantitative dependent variables.
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Similarity analysis
The construction of chromatographic fingerprints aims at evaluating the quality of TCMs. With the evaluation of similarity, it can produce an overall view of all components in TCMs and successfully demonstrates both the similarities and differences among various samples. In this evaluation system, both the degrees of separation and concentration distribution of components involved in a chromatographic fingerprint are also taken into consideration for this evaluation.
The most commonly used standards for the evaluation of similarity of the multivariate systems are correlation coefficient and congruence coefficient. For correlation coefficient, the process of standardization includes the selection of common peaks in chromatograms and the normalization of the retention times of all common peaks. Furthermore, the total area of the common peaks must be more than 90% of the whole area in one chromatogram. The closer r is to 1, the more similar the two fingerprints. The parameter is integrated in software for the similarity evaluation system of chromatographic fingerprints of TCMs (64) . Calculations of r are used in numerous applications (65) (66) (67) . Fu Ling peels originating from different regions were compared by this method (68) . The HPLC FPs of the extracts of 10 samples were detected. The results indicated 17 common peaks, with prominent large relative areas and satisfactory peak configurations that were present in every FP. The relative areas of all common peaks were calculated and directly compared based on the peaks of extracts from Sichuan province. The results expressed that the major components of 10 samples showed few differences, but their contents varied greatly. The contents of the components in the sample from Sichuan province were higher than that of other samples.
Congruence coefficient is a correlation calculated with respect to the origin, whereas r is a correlation calculated with respect to the mean. In software (69) , this calculation is named the similarity index and is expressed as the cosine of the angle between the fingerprints; i.e., not the mean centered fingerprints as in r.
Combination of a variety of data processing methods Each data processing method has its advantages and weaknesses; the combination of various methods may provide much information and produce more comprehensive QC. In fact, some researchers have already begun this work.
Yu et al. (70) developed an HPLC FP for the QC of cultured Cordyceps militaris (L.) link, and the results were processing by similarity and clustering analysis. This method identified and distinguished cultured C. militaris from different sources. Ren et al. (71) described a novel approach to the QC of a Yinzhihuang injection based on microcalorimetric determination of its effect on the biothermal active fingerprint (BTAF) of Escherichia coli (E. coli) growth. The data were processed by similarity and clustering analysis; the results of the former indicated that the test samples had significantly different BTAFs, and the latter investigated the detailed differences in BTAFs.
Chen et al. (72) studied HPLC FPs combined with PCA, hierarchical cluster analysis and linear discriminant analysis for the classification and differentiation of Peganum indigenous to China. The combination of representative HPLC FPs with three data processing methods provided a more reliable and comprehensive result. Additionally, the results provided some support for the hypothesis that this Peganum variety might be a new species or variety.
Conclusion
Based on the complexity of TCMs, their evaluation by one method has been gradually disappearing. This work reviewed recent versatile methods based on HPLC technologies and their applications in the QC of TCMs. These techniques and methods provide the support and impetus for improving the QC of TCMs. Certainly, with further development of more highly efficient separation technology, higher resolution identification, more sensitive detection methods and more accurate data analysis, multidimensional information will be obtained and the quality research and control of TCMs will be improved and advanced.
